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ABSTRACT
Lava tubes have the potential to serve as a sustainable solution to long-term lunar
habitation by providing protection from radiation and micrometeorite bombardment while
potentially providing resources in the form of trapped water ice. They also pose compelling
science targets in their own right. While the potential benefits of utilizing lunar lava tubes is
clear, their discovery is less straightforward. Formation processes for lava tubes do not always
result in a surface expression, making their discovery using remotely sensed imagery difficult.
Furthermore, there is the potential for lava tubes to be covered by secondary lava flows, impact
ejecta, or other deposits, masking their surface expression. We demonstrate that it is possible to
detect and characterize subsurface lunar lava tubes with little or no surface expression through
the integration of topographic and thermal inertia measurements derived from Lunar
Reconnaissance Orbiter (LRO) data. We create topographic, thermal inertia, and morphologic
maps over four potential lunar lava tube candidates. We are able to detect a thermal inertia high
along the trend of the lava tube candidates, which we believe is the combined result of the
subsurface lava tube void space and variations in the thickness and thermophysical properties of
the lunar regolith over and adjacent to the subsurface cavity. The thermal inertia results are
supported by the presence of a cylindrical, curvilinear topographic high along the trend of the
thermal inertia high, specifically at the Ingenii Hole “skylight” location, which is inferred to
result from overflow lava tube formation processes. The effectiveness of these new detection
methods is supported by a periodic heating and cooling finite element model developed to
determine the influence a subsurface cavity would have on surface temperatures. The modeled
diurnal surface temperature pattern at a point over a subsurface tube agrees with observations
made by the LRO Diviner Lunar Radiometer Experiment (DLRE).
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1. INTRODUCTION
The idea of using lunar lava tubes as shelters for a lunar base was first proposed by Hortz
et al., (1985), and, since then, a host of studies have been conducted investigating both the utility
and feasibility of lunar lava tubes as long-term lunar habitats (Greely, 1971; Cruikshank and
Wood 1972; Coombs and Hawke, 1992; Daga, 2006; Cushing, 2007; Ximenes, 2010). Lava
tubes provide a twofold proposition: offering a natural cavity for protection, while providing a
possible natural entrance for unprecedented subsurface exploration (Daga, 2006). From the
standpoint of human exploration, lava tubes serve as a natural shelter from micrometeoroid
bombardment, radiation, and diurnal temperature fluctuations (Horz et al., 1985). These natural
caverns eliminate the need to engineer and transport expensive shielding, allowing for a more
sustainable approach to long-term habitation (Horz et al., 1985).
The stable internal temperature of a lava tube also has the potential to trap lunar volatiles
such as water ice (Wynne et al., 2008). Volatile deposits alleviate many operational constraints
tied to long-term lunar habitation (e.g., liquid water, propellants) (Horz et al., 1985). The
characteristics that make lava tubes operationally appealing may also provide an opportunity for
in situ scientific analysis of those volatiles as well as lunar crust unaltered by space weathering
or impact processes (Daga, 2006). Access to this pristine rock has the potential to aid in the
understanding of the thermal history of the Moon (Ximenes, 2010). For example, answers to
questions about the composition of the lunar mantle and crust and the timing and distribution of
volcanism may be contained in the stratigraphy of lava tube walls, so the opportunity to take in
situ samples unaltered by the lunar environment would be invaluable for geochronologic and
geochemical studies.
Furthermore, the investigation of lava tubes is, in and of itself, of scientific importance.
Very little is known about lunar lava tube and sinuous rille formation process, and even less
1

about the thermal and volcanic history that led to their formation.

The discovery and

characterization of lava tubes, in a geographically diverse set of regions on the Moon, will allow
for quantifiable measurements that will help to establish a method of formation.
While the advantages of lava tubes as a resource and scientific objective are numerous,
they also have their own set of complications. The most substantial of these are related to the
difficulty of their discovery. Previous searches have been inhibited by the sparse coverage of
high-resolution orbital imagery (Greely, 1971; Cruikshank, and Wood, 1972; Horz et al., 1985;
Coombs and Hawke, 1992; Ximenes, 2010), which has limited investigation to only a few mare
regions. With so few data points, it is very difficult to map their occurrence or to determine a
general model for their formation. Furthermore, as future exploration missions will likely take
place in a diverse range of locations, the operational utility of lunar lava tubes is in many ways
tied to their spatial distribution (Horz et al., 1985).
However, even with global coverage of high-resolution imagery from the ongoing Lunar
Reconnaissance Orbiter (LRO; http://lro.gsfc.nasa.gov) and other missions, the exclusive use of
surface imagery for the discovery and study of lava tubes has limited value (Greely, 1971). With
the exception of a distinct, yet often subtle, topographic profile and the occurrence of collapsed
portions, lava tubes are largely subsurface features. A comprehensive lava tube investigation
then, requires the use of other datasets and the innovation of new remote sensing methods to
glean information about the subsurface.

In this study, two integrated lava tube discovery

methods were developed and tested using a known lava tube candidate as a control. These
methods were subsequently applied to three “skylights” pits in the lunar surface that are inferred
to open into subsurface cavities (Ashley et al., 2011), in an attempt to determine if the skylights
are associated with lava tubes.

2

2. BACKGROUND
The term lava tube implies a specific formation process – volcanism – with their
existence on the Moon having significant consequences for our understanding of how subsurface
voids form. This section aims to provide the necessary background on the specific processes that
lead to the formation of lava tubes and previous studies that have sought to understand their
occurrence on the Moon.

2.1 Previous Lunar Lava Tube Investigations
Since a comprehensive data set of imagery and other remotely-sensed geophysical
measurements of the Moon did not exist until very recently, early lunar lava tube investigations
were limited to what could be seen with spotty high-resolution imagery and global lowresolution imagery obtained during the Apollo era. The most significant of these investigations
focused on cataloging potential lava tube candidates and the development of methods for
characterizing lava tube attributes such as roof thickness (Horz et al., 1985; Coombs and Hawke,
1992). They were able to catalog 90 potential lava tube segments on the nearside with varying
widths (150 m to 1.25 km) and estimated roof thicknesses (15 m to 400 m) (Coombs and Hawke,
1992.) As these studies were inhibited by a lack of data, most investigations were focused on
theoretically determining the utility of lunar lava tubes as exploration targets, rather than an
investigation of their formation. The general consensus amongst all of the previous authors was
that lunar lava tubes have tremendous in situ resource utilization potential, however much more
was needed to be known about them before they could become a practical resource, and only
when more data came available would this be possible (Coombs and Hawke, 1992; Horz et al.,
1985).

3

2.2 Lava Tube Formation
Coombs and Hawke (1992) described two models for the formation of terrestrial lava
tubes. In the first model (Figure 1, panels 4a-6a), volatile-rich lava close to the source vent
spatters as trapped volatiles escape. The spattered lava congeals on the levee walls, eventually
forming a continuous hardened crust (Cruikshank and Wood, 1972). Formation of a continuous
hardened crust by this process is chiefly controlled by the volume of escaping volatiles, which
diminishes rapidly downstream from the source vent. The second model (Figure 1, panels 4b6b) describes lava tube formation by surficial cooling of channelized lava. The cooled surface
continuously breaks up and reforms into a dam, causing solidified surficial blocks to aggregate
upstream, eventually forming a roof over the flow. A third method of lava tube formation,
overflow, is described by Peterson et al. (1994) and involves levee bridging, where flow surges
cause overflows that cool to form a continuous crust as flow rates wane (Figure 1). This
gradually adds material to the levee margins, which steadily build towards the center of the
channel until a continuous roof is formed (Peterson et al., 1994). It is the fact that the levee walls
are continuously accumulating material that allows walls to grow toward the center of the lava
channel, making the roof thickest at the base and becoming considerably thinner toward the apex
of the roof (Peterson et al., 1994). Formation by overflow therefore results in a very specific
cylindrical morphology as compared to the large levee walls and a flat roof that would result
from formation by spattering or surficial cooling (Peterson et al., 1994).
All three models of lava tube formation result in a localized topographic high of varying
relief (Greely, 1971). The details of topographic relief and morphology are dependent on the
specific formation process as demonstrated in Figure (1). Lava tubes have the potential to be
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overlain by secondary lava flows, both increasing the thickness of the roof, and masking their
topographic signature.
While lunar lava tubes are likely to form through processes similar to those seen on
Earth, the lunar environment changes some of the key variables. The most significant of these is
the low lunar gravity (1/6 gearth). The low lunar gravity allows roofs to form over channels over
an order of magnitude larger than those observed on Earth (Wynne et al., 2008). This is due to
the reduced weight of the basaltic rock in the lunar gravity environment, which allows roofs to
span dramatically greater distances (Wynne et al., 2008).

This is significant from both a

detection and exploration standpoint. The larger size of lunar lava tubes aids significantly in
their detection given the spatially limited resolution of available data, such as the thermal
infrared measurements used in this study. The fact that lunar lava tubes form at kilometer scales
therefore increases the chance of detecting and accurately characterizing them in the subsurface.
The greater size of a lunar lava tube also allows for more exploration and habitation possibilities,
as the greater volume will accommodate a much larger habitat and lend significantly to the safety
of exploring a confined space.
Interest in the presence of large cavities in the subsurface of the Moon has been recently
increased as a result of Lunar Reconnaissance Orbiter Camera images that reveal several
asymmetric pits in the lunar surface (Ashley et al., 2011). A total of three pits have been
discovered in as many different locations (Figure 2). These “skylights” vary in size, depth, and
geometry, and while the fact that these skylights open up into a subsurface cavity is widely
accepted, the nature of the subsurface void is highly debated (Ashley et al., 2011). It has been
suggested that these skylights are the collapsed roofs of subsurface lava tubes (Ashley et al.,
2011). However, as these investigations have been limited to the use of surface imagery alone,

5

no consensus has been made as to their origin. Alternatively these skylights may simply open up
into an isolated void space, unassociated with a lava tube network. Fortunately, with the aid of
our subsurface discovery methodologies, we are able to shed light on the origin of these
skylights.

6

3. THEORETICAL BASIS AND MODELING
Studies of Martian cave “skylights” have demonstrated associated anomalies in diurnal
surface temperatures (Cushing et al., 2007). Using THEMIS infrared data, Cushing et al. (2007)
showed that the skylights and their immediate surroundings exhibit colder daytime temperatures
and warmer nighttime temperatures compared to the surrounding terrain further away. Based on
these observations, Cushing et al., (2007) argued that the Martian “skylights” are openings into
subsurface cavities. We expect that the surface temperatures over a similar subsurface cavity –
such as a lava tube – on the Moon will show a similar pattern and be anomalously warmer than
the surroundings during local night and anomalously colder than the surroundings during local
day.

We hypothesize that this diurnal temperature pattern is due to the presence of the

subsurface cavity, the relatively thin roof of the lava tube, and variations in regolith cover. To
test if a detectable surface thermal anomaly can be produced by heat conduction through the
lunar crust influenced by these parameters, we created a finite-element model.

3.1 Model Description
Our model considers non-steady heat flow with radiogenic heat production in the form of
the following partial differential equation:

k∇ • ∇(x,z,t) − ρC

∂T(x,z,t)
+ ρH = 0
∂t

(1),

where k is thermal conductivity, T is temperature, x is horizontal distance, z is depth, t is time, ρ

€ C is heat capacity, and H is radiogenic heat production. The first term describes the
is density,
diffusion of heat under a thermal gradient, the second term describes the time-dependence of the
problem, and the third term includes heat production. This was modeled in two dimensions
using the FlexPDE v6 finite-element solver (Appendix A).
7

The model space comprises three regions with different thermophysical properties, each
of which represents a component of the lunar crust in the vicinity of a lava tube: mare basalt,
surface regolith cover, and the lava tube itself (Figure 3). The model incorporates a 500-m thick
by 2-km wide basalt layer, representing the lunar mare. The mare basalt layer is assumed to
have a thermal conductivity of 1.75 W m-1 K-1, a heat capacity of 840 J kg-1 K-1, a density of
2980 kg m-3, and a heat production of 7.38e-12 W kg-1. The near-surface layer is assumed to be
regolith, which tapers from a thickness of 20 m at the model margins, to a thickness of 1 m over
the subsurface tube (Lucey et al., 2006). The regolith is assigned a thermal conductivity of 0.011
W m-1 K-1, a heat capacity of 760 J kg-1 K-1, a density of 1660 kg m-3, and a heat production of
7.38e-12 W kg-1 (Rumpf, 2008).
Embedded within the mare is a circular void representing the cross-sectional shape of the
lava tube (Figure 3). We set its radius to be 200 m and place it at a depth of 50 m, similar to the
size and depth of known lava tubes on the Moon (Coombs and Hawke, 1992). The void space is
excluded from the model, with the exception of the circular boundary along which we impose a
radiative cooling flux boundary condition using the Stefan-Boltzmann Law:
(2),

q = σT 4

where q is flux, σ is the Stefan-Boltzmann constant (5.6697e-8 W m-2 K-4), and T is temperature.
€
Boundary conditions
are also set along the left, right, bottom, and top interfaces of the

model space. Zero-flux conditions are specified on the left and right edges, and the temperature
of the lower boundary is fixed by the lunar geothermal gradient and the relationship:
⎞
⎛ dT
T(z) = α + ⎜
+ z⎟
⎠
⎝ dz

(3),

where α is the average lunar surface temperature (250 K; Lucey et al., 2006), dT/dz is the
€
geothermal gradient (12 K km-1; Lucey et al., 2006), and z is depth. The surface boundary
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condition, which represents the interaction between space and the lunar surface, is the critical
parameter for this model. A flux boundary condition at this interface is set by the equation:
⎛ S ⎞⎡
⎛ 2πt ⎞⎤
q = ⎜ c ⎟⎢1+ cos⎜
⎟⎥ − εσT 4
⎝ 2 ⎠⎣
⎝ d ⎠⎦

(4),

where q is flux, Sc is the solar constant at the Moon (1366 W m-2; Weast, 1970), T is temperature,
€ of the lunar day-night cycle (~28 Earth days), ε is emissivity (0.72 for the Moon;
d is the length

Weast, 1970), and σ is the Stefan-Boltzmann constant (5.6697e-8 W m-2 K-4). The first term on
the right-hand-side of Equation (4) accounts for radiative heating of the lunar surface, including
a diurnal (sinusoidal) variation in the solar constant, while the second term accounts for surface
cooling by radiation according to the Stefan-Boltzmann Law.
The initial condition, T (0, x, z), is determined from Equation (3), and the model was run
for a simulation length of up to 1,000 years, sufficient for the model to attain equilibrium.
Several iterations of the model were tried, with variations in the thickness and distribution of
regolith, as well as the values of thermophysical parameters (e.g., k, C, densities, thicknesses,
etc.). After several model iterations, it was determined that a regolith cover that tapered from
20-m thick at the margins of the model space to 1-m thick at the apex of the subsurface tube
(Figure 3) produced results that were the most consistent with thermal infrared observations of
the lunar surface in the vicinity of known and suspected lava tubes as well as the lunar skylights
(see Section 2.2). The regolith is tapered to represent the thinner regolith on the topographic
high immediately above a lava tube predicted by the lava tube formation processes described in
Section 2.2.

9

3.2 Model Results
The model produces a 185 K nighttime temperature and a 425 K daytime temperature at
the surface over the tube (point A in Figures 3 and 4). Similarly, the model produces a 178 K
nighttime temperature and a 427 K daytime temperature away from the tube (point B in Figures
3 and 4). This results in a diurnal temperature variation of 240 K for the surface over the tube
compared to the 249 K diurnal temperature variation away from the tube. The model therefore
predicts that surface temperatures over the lava tube will be less variable (by ~9 K) than surface
temperatures away from the tube.
The surface temperatures predicted by the finite element model can be understood in
terms of the small geothermal gradient created in the lava tube roof and the insulating effect of
the variable-thickness regolith cover. During the sunlit part of the lunar day (~14 Earth days),
the finite element model shows that there is a miniscule surface temperature difference (~2 K)
established between a point over the tube versus, a point away from the tube (points A and B in
Figure 3). However, there is a significant difference in the thermal gradient in the uppermost
crust that is established in the area away from the lava tube as compared to the crust above the
tube. Away from the tube, radiative surface heating and the insulating effects of the thicker
regolith establish a steep thermal gradient. During the lunar night (~14 Earth days), this steep
thermal gradient drives efficient thermal conduction into the heat-sink provided by the interior of
the Moon, and, along with radiative cooling into space, efficiently dissipates the stored heat
(Figure 4).
Above the lava tube, a much lower thermal gradient is rapidly established during the
sunlit portion of the lunar day in the thin basalt roof (smaller surface-area to volume ratio)
covered with a thin layer of regolith (less insulating effect).

10

In addition, the thin roof is

effectively thermally isolated from the rest of the lunar interior by the presence of the subsurface
cavity below. Together, these effects make conductive cooling less efficient in the tube roof
rock than it is in the crust away from the tube. So, while the surface temperatures over the lava
tube during daytime are similar to the surface temperatures in the vicinity, nighttime surface
temperatures above the tube – and temperatures at depth in the lava tube roof rock – do not drop
as dramatically.
The net effect is that the surface above the tube stays comparatively warmer longer into
the lunar night compared to the surrounding terrain (Figure 4). This causes the surface over the
lava tube to behave as though it has a higher thermal inertia than the surrounding terrain and
offers a potential fingerprint for detecting subsurface cavities. Thermal inertia is a quantity that
can be indirectly measured with remotely sensed data, which motivates the use of orbital
imagery and thermal infrared data to locate and characterize subsurface cavities.

11

4. REMOTE SENSING METHODS
The overall strategy for this investigation is to determine the ability of remote sensing
methods to remotely detect subsurface cavities, including lava tubes. We develop two lava tube
detection methods that integrate topographic and thermal inertia measurements derived from
Lunar Reconnaissance Orbiter data. The following sections describe the data and the workflow
used.

4.1 Lunar Reconnaissance Orbiter (LRO) Data
Launched in June of 2009, LRO has returned, at the time of this study, more data than all
other planetary missions combined.

This study utilizes three instruments onboard LRO

including: DLRE (Diviner Lunar Radiometer Experiment); LROC (Lunar Reconnaissance
Orbiter Camera); and LOLA (Lunar Orbiter Laser Altimeter).

The specifications of each

instrument, as they relate to this study, are discussed in detail below.
DLRE (http://diviner.ucla.edu/) is a nine-channel solar reflectance and infrared
radiometer. The instrument operates in a push-broom mode, building a diurnal database of
reflectivity and temperature data that are being used to create the first global surface temperature
map of the Moon. DLRE has filters selected for the measurement of surface temperature in the
following wavelengths (and associated blackbody temperatures) (Sullivan, 2009): 13-23 µm
(>178 K), 25-41 µm (69-178K), 50-100 µm (43-69 K), and 100-400 µm (<43 K). This spectral
range effectively covers the diurnal temperature variation of the lunar surface, which is between
130-380 K (Sullivan, 2009). In this study we use DLRE reduced data record (RDR) surface
brightness temperatures from channel A6 (13-23 µm) to create temperature difference and
thermal inertia maps.

This wavelength range was chosen because of its sensitivity to
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temperatures >178 K, which most closely encapsulate mean equatorial day and night surface
temperatures (Sullivan, 2009). The accuracy of the DLRE instrument decreases as temperatures
decrease. Specifically, channel A6 has an estimated temperature accuracy range between ± 5 K
at 90 K, and ± 1 K at 400 K. With this performance, DLRE should be able to detect the ~10 K
temperature anomaly associated with a subsurface cavity that is predicted by the finite element
model.
LROC (http://lroc.sese.asu.edu/) is a tri-camera instrument, designed with the intention of
identifying meter-sized landing site hazards for future missions and for obtaining medium- and
high-resolution imagery for detailed mapping. LROC consists of two narrow-angle cameras
(NAC), and one wide-angle camera (WAC). The NAC cameras are capable of capturing 0.5
m/pixel panchromatic (400-750 nm) imagery in a 5-km wide, and 26-km long north-south swath
(Cisneros, 2010).

In this study, NAC imagery is used as both a tool for geological

photointerpretation and for estimating surface albedo in the determination of thermal inertia.
LOLA (http://lunar.gsfc.nasa.gov/lola/science.html) measures the topography of the
Moon using time-of-flight and pulse-spread measurements of five laser beams emitted from the
instrument and reflected by the lunar surface (Neumann, 2009). The resulting digital elevation
models (DEMs) provide a <28-m/pixel resolution topographic model of the lunar surface
(Neumann, 2009) that can be used for terrain analysis and visualization purposes. In this study,
the LOLA DEMs are used to detect the presence of a topographic high predicted to result from
lava tube formation processes described in Section 2.2.
All three data sets were accessed using the Lunar Orbiter Data Explorer gateway to the
NASA Planetary Data System (PDS) geosciences node (http://ode.rsl.wustl.edu/moon). The
search

for

specific

data

products

was

13

aided

by

the

PDS

“quick

map”

(http://ode.rsl.wustl.edu/moon/indexMapSearch.aspx)
(http://ode.rsl.wustl.edu/moon/indextools.aspx) tools.

and

DLRE

“query

count”

Both LOLA and LROC data were

processed using ENVI digital image processing software and with MATLAB. These data were
prepared for use with the Fledermaus 3D visualization software in which topographic
measurements and 3D photointerpretation could be performed. DLRE data was processed using
Surfer and ENVI, the latter of which was used to integrate it with LROC data to create thermal
inertia maps.

4.2 Thermal Inertia
Thermal inertia (I) is the ability of a material to store and conduct heat, and is defined by
the equation:
(5),

I = kpc

where k is thermal conductivity, ρ is density, and C is heat capacity (Putzig, 2006). Although

€ in Equation (5) can be directly measured using remotely sensed data,
none of the parameters
thermal inertia can be estimated from surface temperature variations (Li et al., 2004; Hurtado and
Chee, 2008). The estimate is referred to as apparent thermal intertia (ATI), a relative measure of
the reflected solar albedo to the difference in emitted brightness temperature over the diurnal
cycle. We calculate ATI using the relationship (Li et al., 2004; Hurtado and Chee, 2008):

ATI =

1 − ABE
ΔT

(6),

where ABE is albedo and ΔT is the diurnal surface brightness temperature difference. ATI is
directly related to€ thermal inertia by a constant of proportionality and serves as a general
approximation of the actual thermal inertia of a material. Since, for the purposes of this study,
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we are interested in relative differences in ATI over a given area, the actual thermal inertia values
are not as important.
ABE in Equation (6) was determined from Lunar Reconnaissance Orbiter Camera
(LROC) narrow angle camera (NAC) imagery and ΔT was determined from Diviner Lunar
Radiometer Experiment (DLRE) Reduced Data Record (RDR) data. The DLRE data were
selected for the test locations based on two key parameters. The first criterion was the spatial
coverage of the data footprint. Specific DLRE data were selected based on how well the DLRE
footprint covered the study area, optimally centering on the target area. The second criterion was
the requirement of surface brightness temperature measurements for the times during the lunar
day-night cycle with the greatest maximum and lowest minimum temperatures. As the thermal
inertia is most diagnostic at the greatest thermal extremes (see Equation 6), specific DLRE data
were chosen so that the data used were collected when the target area was at the warmest
possible temperature and at the coldest possible temperature.

This was accomplished by

comparing the data collection date to the local lunar time to insure that the data was collected as
far into both the lunar night and lunar day as possible (Table 1). NAC frames corresponding to
the data footprints of the selected DLRE data were then obtained. A full listing of the DLRE and
NAC data products used is given in Table 1.
To convert the selected DLRE RDR data products into an ENVI-compatible format, the
RDR data products were first gridded, and then they were converted to a .bil format, both
using Surfer. To derive ΔT (Equation 6), the daytime and nighttime DLRE data were then
coregistered and subtracted from one another. ABE (Equation 6) was derived from the NAC
images by normalizing the NAC brightness values by the maximum brightness value in the scene
to yield approximate albedo in percent (0 to 1). Since the NAC and DLRE data have different
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spatial extents and resolutions, the ΔT map was next resampled from its 608-m/pixel resolution
to the NAC-derived ABE 0.5-m/pixel resolution, so the two datasets could be precisely
coregistered.
Precise coregistration and resampling were accomplished using ENVI software through
the selection of at least 3 features that were easily identifiable in all imagery. Selected features
were typically large impact craters, which are easily seen in LROC imagery and are easily
identifiable in the ΔT map due to the low surface brightness temperatures found at their centers.
For the “skylight” test locations, which will be discussed in Section 5, the pits themselves were
used to register the two datasets due to their easy recognition in LROC imagery and the very low
ΔT values they exhibit in the DLRE data. Finally, Equation (6) was implemented in ENVI with
the “band math” function using the resampled and coregistered data as input to create ATI maps
for the study locations.

4.3 Topography
LOLA basemaps were created using the LOLA 1024-pixel/degree DEM accessed from
the PDS. In order to convert the LOLA data into a format compatible with the Fledermaus 3D
visualization software, the DEMs were first cropped to a 40-km2 area around the target location
using ENVI software and then converted from an integer format to a floating point format using
a MATLAB script (Appendix B). The preprocessed DEMs were then exported from ENVI as
GEOTIFF files for use in Fledermaus.
Using the Fledermaus image draping tools, we draped the ATI maps, ΔT maps, and NAC
frames for the different test locations over LOLA DEMs in order to compare the topography to
the thermal signatures and surface morphology. To help correlate a topographic signature with
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the surface temperature patterns, cross-axis topographic profiles perpendicular to the trend of
observed thermal inertia features were extracted from the LOLA data using the Fledermaus
profiling tool.

This allowed us to determine if, for example, the curvilinear cylindrical

topographic highs predicted to result from lava tube formation coincide with ATI highs similar to
those predicted by the finite element model. Where this was the case, we inferred the presence
of the subsurface void to be the result of lava tube formation processes (Figure 1).

4.4 Photogeological Interpretation
To support the analysis of both the thermal inertia and topography results, two
photogeologic maps were created for each test location. The first map was created using LROC
WAC imagery which allows for a regional geological interpretation of the area surrounding the
test location. The second map was created using the LROC NAC imagery, which allows for a
detailed photogeological analysis of the area immediately surrounding the test location. The
LROC NAC imagery also made it possible to search for morphological features consistent with
those of a lunar lava tube, such as elongate roof collapse. Maps were created using Adobe
Illustrator at scales between 1:250,000 (WAC) and 1:100,000 (NAC). WAC imagery was used
as a basemap in Illustrator at screen resolution, and the NAC imagery was interpreted in ENVI
and in Illustrator at the full 0.5 m/pixel resolution, allowing for a detailed analysis of the study
locations.
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5. TEST LOCATIONS
For the initial test of our methodologies, we chose a feature referred to as lava tube
candidate “C” (Figures 2 and 5). This location was chosen specifically because it is a welldocumented lava tube (Coombs, and Hawke 1992) and for its numerous roofed-over sections,
which have lateral margins that are easily distinguishable in NAC imagery (Figure 6). The latter
allows us to accurately determine whether or not the hypothesized thermal inertia highs are
specific to roofed-over lava tube segments. In addition, the uncollapsed segments allow us to
determine if the LOLA DEMs are capable of detecting the hypothesized half-cylindrical local
topographic profile predicted by the formation by overflow model (Figure 1). Following the
completion of a successful test at lava tube candidate “C”, both methodologies were applied to
three “skylight” locations with the intention of identifying ATI and topographic features
consistent with our hypotheses that a subsurface lava tube will demonstrate a thermal inertia high
and cylindrical topographic high.

5.1 Lava Tube Candidate “C”
Lava tube candidate “C” is located in the northernmost portion of Oceanus Procellarum,
at the margin between mare basalt and anorthosite highlands (Figures 5 and 6). Lava tube “C” is
approximately 20-km long, sinuously trending northwest to southeast for the majority of its
length, and becoming more north-south trending at its southernmost extent (Figure 6). Lava tube
“C” contains numerous roofed-over sections ranging in length from 0.5 to 1.2 km (Coombs, and
Hawke 1992). Roof widths range from 450 to 970 m, with minimum roof thickness ranging
from 30 to 136 m (Coombs, and Hawke 1992). Minimum roof thicknesses were determined
using impact craters on uncollapsed lava tube segments. The maximum depth the impact craters

18

penetrate is interpreted to be the minimum thickness of the roof (Horz, 1985; Coombs, and
Hawke 1992).

5.2 Ingenii Hole
The Ingenii Hole is an asymmetrical pit located on the lunar far side in Mare Ingenii
(Figures 2, 7 and 8). The Ingenii Hole, or “skylight”, is one of three known lunar pits that have
been interpreted to be collapsed portions of lunar lava tubes (Ashley, 2008). The asymmetric
Ingenii Hole is approximately 101 m by 66 m with the long axis oriented northeast-southwest
(Ashley, 2008). Oblique LROC images with off-nadir illumination reveal stratified basalt for
most of the estimated 66 m depth, opening into a rubble covered pit floor that is believed to be
connected to a cavernous lava tube (Ashley, 2008) (Figure 9). The southwestern pit wall slopes
toward the center of the pit for the majority of the pit depth at an approximate 45° slope. In
contrast, the northeast and northwestern pit walls are nearly vertical.

5.3 Marius Hills Hole
The Marius Hills Hole is located toward the center of Oceanus Procellarum (Figure 2),
within the southernmost of two ~50 km long east-west trending rilles (Figures 10 and 11).
Specifically, the hole is positioned at the bottom – and in the cross-axis center of – a ~11 km
northwest trending segment of the southernmost rille. Due to their largely northwest-southeast
orientation, the ~20-m high rille walls cast daytime shadows on the rille floor south of the
Marius Hills Hole. Both smaller and less asymmetric than the Ingenii Hole, the Marius Hills
Hole has a diameter ranging from 47 m to 60 m, with the long axis oriented to northwestsoutheast (Ashley, 2008). Numerous oblique LROC images reveal vertical walls of stratified
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basalt to a depth of ~36 m below the surface (Ashley, 2008) (Figure 12). Illumination onto the
rubble-covered floor underneath the overhanging pit wall demonstrates a subsurface cavity that
is larger than the diameter of the pit walls (Ashley, 2008).
There is no surface indication of a lava tube in the NAC imagery at Marius Hills beyond
the hole itself and the association with rilles of supposed volcanic origin. Like the Ingenii Hole,
this location will allow us to test the ability of our methodologies to detect subsurface cavities
that would otherwise be indistinguishable in imagery alone.

5.4 Tranquilitatis Hole
The third test site is located in the flat basaltic plains of Mare Tranquilitatis (Figures 2, 13
and 14). Unlike the other two skylight locations, the Tranquilitatis Hole is surprisingly
symmetrical with diameters ranging from 85 m to 97 m, being slightly more elongate toward the
northwest (Ashley, 2008). Oblique LROC images reveal stratified basalt to a depth of ~100 m
(Ashley, 2008) (Figure 15). As with the Marius Hills Hole, there is no surface expression in the
NAC imagery that is suggestive of a subsurface void other than the pit itself.
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6. RESULTS
6.1 Lava Tube Candidate “C”
The temperature difference map for lava tube candidate “C” reveals an ~20 K lower
diurnal temperature variation over the uncollapsed segments of the lava tube as compared to the
surrounding terrain (Figures 16 and 17). This is the direct result of anomalously cold (by ~10 K)
daytime DLRE surface brightness temperatures and anomalously warm (by ~10 K) nighttime
DLRE surface brightness temperatures along the trend of the lava tube candidate. Based on the
results of the finite element modeling, we interpret this temperature pattern, particularly the
warmer nighttime temperatures, to indicate higher thermal inertia above the trace of the lava tube
that arises due to the presence of a subsurface void space as well as concomitant variations in the
thermophysical properties of the overlying regolith.
The ATI map for lava tube candidate “C” reveals thermal inertia highs associated with the
uncollapsed segments of the lava tube seen in the NAC imagery (Figure 18). The largest of these
highs is outlined in Figure 13 by a black rectangle. This thermal inertia high trends north-south
following the trend and spatial extent of a likely uncollapsed portion of lava tube C. Thermal
inertia highs can also be seen over the smaller uncollapsed segments further north along the trend
of the tube (Figure 18). These smaller sections approach the 608-m/pixel spatial resolution of
the DLRE data, and, in some places, the thermal inertia high is indicated by a single DLRE pixel.
However, the consistency of the thermal inertia high precisely over these small segments is too
coincidental to ignore. A statistical analysis of the ATI values over the uncollapsed segments of
lava tube candidate “C” reveal a mean ATI value of 0.007060 ± 0.000561 K-1, which is higher
than that of the surrounding terrain (0.005913 ± 0.000244 K-1).

21

Topographic profiles taken over the uncollapsed portions of lava tube candidate C reveal
the cylindrical topographic high (Figure 19 and Appendix C) consistent with lava tube formation
by overflow as described in Section 2.2. The profiles show an average local relief of ~10 m over
a width of ~500 m (Figure 19 and Appendix C) and confirm the ability of a LOLA DEM to
detect these features.

6.2 Ingenii Hole
The temperature difference map (Figures 20 and 21) for the Ingenii Hole reveals an area
with ~20 K lower diurnal temperature variation that trends from northwest to southeast and
which includes the hole itself. A ~25 K lower diurnal variation is present directly over the
Ingenii “skylight”. This ~20 K lower temperature difference arises primarily from nighttime
temperatures that are ~20 K warmer than the surrounding terrain (Figure 20), which is consistent
with the modeling results and imply a higher thermal inertia for this area.

The daytime

temperatures along the trend of the nighttime thermal low were observed to be only slightly
elevated (~1 K) compared to the surrounding terrain (Figure 20), which is also consistent with
the modeling results.
The ATI map created over the Ingenii Hole reveals a northwest-southeast trending
thermal inertia high, which runs through and includes the Ingenii Hole (Figure 22). A very high
ATI value (~0.003746 K-1) was detected directly over the Ingenii Hole. This high ATI value is
the result of the considerable diurnal surface brightness temperature difference of ~20 K. A
statistical analysis of the ATI map along the trend of the high thermal inertia feature reveals a
mean ATI value of 0.003007 ± 0.000313 K-1, which is higher than the ATI values (0.002889 ±
0.000079 K-1) for the surrounding areas with similar albedo. The ~2.3-km long curvilinear
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thermal inertia high upon which the Ingenii Hole is centered runs the entire width ATI map, and
likely continues beyond the east and west map margins (Figure 22).
Topographic profiles created along the trend of the thermal inertia high reveal a
cylindrical curvilinear local topographic high with local relief of ~3 m over an average cross-axis
width of 850 m (Figure 23 and Appendix D). The thermal inertia high and the Ingenii Hole both
trend along the apex of the 500-m wide topographic high. Analysis of the NAC imagery also
reveals a ~20-m wide ridge that also runs parallel to both the apex of the topographic high and
the trend of the ATI high (Figure 8).

6.3 Marius Hills Hole
The temperature difference map for the Marius Hills Hole was heavily influenced by the
shadow of the rille wall, which creates an anomalously low surface brightness temperature of
~25 K compared to the unshadowed area north of the Marius Hills Hole (Figures 24and 25).
Due to this influence of the rille wall, no reliable ΔT or ATI measurements could be made for the
southeast portion of the Marius Rille.

Fortunately the height of the rille wall diminishes

dramatically to the northwest of the Marius Hills skylight, and we were able to calculate surface
brightness temperature difference and ATI maps over and to the northwest of Marius Hills Hole
(Figure 11).
Similar to the Ingenii “skylight”, the diurnal surface brightness temperature difference at
the Marius Hills “skylight” was ~25 K less than the surrounding terrain (Figure 25). The ATI
map for the Marius Hills Hole, however, does not show a curvilinear thermal inertia high similar
to the Ingenii Hole (Figure 22).

Instead, it shows a localized and asymmetric ATI high

surrounding the Marius Hills Hole that encompasses an area of ~1.2 km2 (Figure 26). A
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statistical analysis of the ATI map over the asymmetric high surrounding the Marius Hills Hole
reveals a mean ATI value of 0.004072 ± 0.000310 K-1, which is higher than the values for the
surrounding area (0.003718 ± 0.000142 K-1).
Topographic profiles created along the trend of the rille, from the western ATI map
boundary to an area just south of the Marius Hills Hole, demonstrate a concave cylindrical
depression rather than the axial high seen in the topographic profiles made over the Ingenii Hole
(Figure 27 and Appendix E). The trough is ~20-m deep at the skylight with an axial width of
~650 m. The trough both shallows and widens considerably ~10 m north of the “skylight”. Like
the rest of the Marius Rille, the topographic profile directly over the ATI high is essentially flat
with a slight concave morphology. Analysis of the NAC imagery and the photogeologic map do
not reveal anything atypical in the morphology of the lunar surface around the Marius Hills Hole
that would indicate the presence of a lava tube.

6.4 Tranquilitatis Hole
The temperature difference map for the Tranquilitatis Hole shows a ~30 K lower diurnal
temperature variation at the “skylight” compared to the surrounding terrain (Figures 28 and 29).
The area immediately surrounding the “skylight” demonstrates a ~7 K lower diurnal temperature
variation than what is seen in the rest of the scene. Analysis of the ATI map reveals a large
thermal inertia high surrounding the Tranquilitatis Hole, similar to the morphology of the ATI
high seen at the Marius Hills. Unlike Ingenii and lava tube candidate “C”, no linear trend in this
feature is observed (Figure 30). Similar to Marius Hills, the thermal inertia high at Tranquilitatis
covers an asymmetrical, semi-curricular area of ~1.33 km2 spanning the width of the ATI map
and which likely continues beyond the map margins (Figure 30). A statistical analysis of the ATI
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map over the asymmetric high surrounding the Tranquilitatis Hole reveals a mean ATI value of
0.002690 ± 0.000121 K-1, which is slightly higher than the ATI values for the surrounding terrain
(0.002591 ± 0.000069 K-1). Unfortunately complete LOLA data for this location do not exist,
eliminating the ability to conduct a topographic investigation at this location. Analysis of the
NAC imagery and the photogeologic map do not reveal anything atypical in the morphology of
the lunar surface around the Tranquilitatis Hole that would indicate the presence of a lava tube.
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7. DISCUSSION
The test of the detection methodologies at lava tube candidate “C” successfully
demonstrates their ability to detect intrinsic thermal and topographic characteristics of
uncollapsed lava tube segments and the subsurface void space associated with them. The
application and integration of these methodologies at the Ingenii Hole revealed ATI, topographic,
and morphological characteristics consistent with lava tube formation processes. Beyond the
presence of an ATI high that includes the Ingenii Hole itself, and the presence of a cylindrical
topographic high along the trend of the ATI high, it is the way in which these results coincide
that creates the most compelling argument for the presence of a subsurface lava tube at the
Ingenii Hole and at lava tube candidate “C”.
Using the morphology of the Ingenii Hole topographic profiles, it becomes possible to
make several inferences about the characteristics of the subsurface lava tube.

The most

significant of these inferences, for the purposes of this study, relates to what happens to the
thickness of the lava tube roof at the roof apex. The thin roof at the apex of the lava tube roof
has two dramatic impacts on the thermophysical properties of the surface above the lava tube as
well as the structural integrity of the tube roof. As the finite element model predicts, the
relatively thin roof over a subsurface lava tube effectively creates a small geothermal gradient
resulting in a ~10 K higher nighttime surface temperature over a tube compared to away from the
tube. Furthermore the geothermal gradient is least compressed where the basalt roof is the
thinnest, which, as we have discussed, is at the apex of the lava tube roof. One would, therefore,
predict to see the highest ATI values directly along the apex of a lava tube candidate. This is
exactly what was observed in the ATI map for the Ingenii Hole: the curvilinear ATI high
observed at the Ingenii Hole runs precisely along the apex of the 850-m long topographic high.
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Furthermore, one would also expect the structural integrity at the apex of the lava tube roof to be
at its weakest, as it is the thinnest portion of the roof. This is where we would expect a roof to
fail, and it is where Ingenii Hole is located. Topographic profiles created across the Ingenii Hole
show that it is located precisely at the apex of the ~850-m long topographic high. Analysis of
NAC imagery also reveals an ~20-m long curvilinear ridge running along the apex of the lava
tube (Figure 8). This is interpreted to be small-scale failure in the lava tube roof, and is
consistent with where small-scale failure would occur.
The presence of an 850-m long cylindrical topographic high could also taper the
thickness of the overlying regolith towards the apex of the lava tube, which, as the finite element
model suggests, would have a significant influence on the thermophysical properties the surface
above a lava tube. Specifically areas with a thin regolith, (e.g. over a cylindrical topographic
high), would have higher nighttime surface temperatures compared to the surrounding terrain,
which is very consistent with our observations at the Ingenii Hole.

We infer that the

combination of the small geothermal gradient induced in the thinnest part of a lava tube roof and
the relatively thin regolith caused by the slopes of a lava tube roof together result in the observed
curvilinear ATI high over the Ingenii Hole.
Application of the methodologies to the Marius Hills and Tranquilitatis sites reveals
diurnal temperature difference anomalies and thermal inertia highs similar in magnitude to those
seen at Ingenii and lava tube candidate “C”. However, the ATI highs at Marius Hills and
Tranquilitatis Holes do not define curvilinear trends but, instead, define broad, roughly-circular
shapes that encompass large areas (>1.33 km2). While these asymmetric ATI highs are likely
caused by subsurface voids, their shape and the associated topographic signatures are
inconsistent with the presence of subsurface lava tubes. We would expect a lava tube to create a
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curvilinear ATI high and either a cylindrical topographic high or channel levee walls consistent
with lava tube formation processes. We suggest then, that the large asymmetric ATI high and
concave topographic morphology at the Marius Hills Hole are the manifestation of a mostly
collapsed lava tube within the Marius Hills Rille. We were lead to this conclusion primarily by
the position of Marius Hills skylight within the Marius Rille, and its concurrence with the
concave topographic profiles taken at this location, which are both evident of a collapsed lava
tube. Conversely, the ATI results from the Tranquilitatis Hole, suggest an alternative formation
mechanism.
Further investigation of the Tranquilitatis Hole in the context of sub crustal drainage
(Peterson, 1994), reveals an ATI morphology consistent with a subsurface lava cave. Lava caves
form as inflated lava flows drain, leaving behind a subsurface cavity (Figure 30) (Peterson,
1994). These lava caves typically have non-curvilinear, asymmetric map-view morphology,
instead taking the irregular shape of the inflated roof (Peterson, 1994). Given the morphology of
the ATI high, we believe that Tranquilitatis Hole opens into lava cave formed as a result of
crustal drainage.
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8. SUMMARY AND CONCLUSIONS
8.1 Summary
Both the finite element model and the results from the lava tube candidate “C” test
location demonstrate the potential for a thermal anomaly to be created by a subsurface void and
suggest the ability of our integrated methodologies to detect them. Subsequent application of the
thermal inertia and topographic detection methods at three “skylight” locations on the Moon
have allowed us to image subsurface cavities and answer questions about the processes that led
to their formation. Perhaps the most exciting of these results comes from the Ingenii Hole,
where ATI, topographic, and NAC morphologic observations suggest the presence of a
subsurface lunar lava tube. We were led to this conclusion principally by the integration of the
ATI and topographic methodologies, where we observed the presence of both an ATI and
localized cylindrical topographic high. While the Marius Hills Hole revealed both a concave
topographic morphology and, an asymmetric ATI high, its association with the Marius Rille leads
us to believe that it is a remnant cavity of a mostly collapsed lava tube. Finally, the ATI results
from the Tranquilitatis Hole reveal an asymmetric and isolated subsurface cavity, which is
inconsistent with this skylight having been the result of collapse of a contiguous lava tube. This
suggests, then, the existence of multiple subsurface void formation processes, and that the
formation of “skylights” and subsurface cavities is not exclusive to lava tube formation.

8.2 Conclusions
Our integrated methodologies provide new capabilities for detecting and characterizing
subsurface lunar voids. Analysis of three “skylights” reveals one locations consistent with lava
tube formation processes (Ingenii), one location that is arguably a collapsed lava tube (Marius
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Hills), and one location inconsistent with lava tube formation processes (Tranquilitatis). ATI,
topographic, and morphologic analyses of the Ingenii Hole suggest lava tube formation by
overflow. Analysis of the Marius Hills skylights suggest the presence of an asymmetric
subsurface cavity, likely the remnant of a mostly collapsed lava tube within the Marius Hills
Rille. The Tranquilitatis Hole was determined to be inconsistent with lava tube formation
processes. Further work at the Tranquilitatis Hole may help deduce a formation process for this
location.
The results from the three skylight locations considered here reveal the presence of
extensive subsurface void spaces, which, in the case of the Tranquilitatis Hole, may cover an
area of at least ~1.2 km2.

This has profound implications for future human subsurface

exploration and habitation of the Moon. To put this in perspective, the potential subsurface
cavity at Tranquilitatis would cover the equivalent area of ~238 football fields, and (assuming an
internal height of 50 m (Ashley et al., 2011), it may have a volume of ~33,000,000 m3. This
presents the potential to explore and sample an unprecedented amount of pristine rock and build
manned habitat infrastructure essentially unrestricted by dimensions of the in-situ shelter. The
sublunarean cavities investigated in this study represent a tremendous resource for manned
exploration, fulfilling both the operational, and scientific requirements for an unprecedented
lunar mission. Future investigations of these locations should be aimed at the development of an
operational strategy for their access and utilization. Mission architecture should integrate both
human and robotic exploration assets, potentially bringing a new and truly remarkable resource
into the light.
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Figure 1. (I) Lava tube formation by surficial cooling from Peterson et al. (1994). Panels A-D show
the progressive formation of a the lava tube in plan
view, and figures XA -XD show the same progression in cross section. (II) Lava tube formation by
overflow from Peterson et al. (1994). Panels A-M
show the progressive formation of the lava tube in
cross section.
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Figure 2. Global WAC composite image of the Moon showing test locations (white squares).
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Figure 3 Cartoon illustration of the model space for the finite
element model. The grey area represents the mare basalt, the red
area represents the lunar regolith, and the white circle represents
the lava tube in cross-section. Note that the regolith tapers to 1-m
over the tube from a maximum thickness of 20 m away from the
tube. Modeled variations in surface temperature at points A and B
are shown in Figure 4. Not drawn to scale.
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Figure 4. Results of the finite element model after ~160 years of simulation time. (A) Diurnal
temperature variation for a point on the surface at a distance of 100 m from the centerline of
the lava tube (point A in Figure 3) . (B) Diurnal temperature variation for a point on the
surface at a distance of 500 m from the centerline of the lava tube (point B in Figure 3). In
both (A) and (B) the minimum and maximum temperatures over the many day-to-night
cycles illustrated are shown by the extents of the colored fields.
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Figure 5. Photogeologic map of lava tube
candidate “C”. Basemap is LRO WAC quickmap image. Solid black arrow at lower left
indicates illumination direction.
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Figure 6. (A) Detailed photogeologic map of the lava tube
candidate “C” location.
(B)
LROC frame m102443238rc
used as the basemap for (A).
Solid arrow indicates illumination direction.
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Figure 7.
Photogeologic
map of Ingenii Hole.
Basemap is LRO WAC quickmap image. Solid black
arrow indicates illumination
direction.
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Figure 8. (A) Detailed photogeologic map of the
Ingenii Hole location. (B)
LROC frame m128202846c
used as the basemap for
(A). Solid arrow indicates
illumination direction.
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Figure 9. (A) LROC frame m128202846.
(B) Ingenii Hole “skylight”. Solid arrows
indicates illumination direction.
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Figure 11. (A) Detailed photogeologic map of the Marius
Hills Hole location. (B) LROC
frame m114328462rc used as
the basemap for (A). Solid
arrow indicates illumination
direction.
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Figure 10. Photogeologic map of
Marius Hills Hole. Basemap is LRO
WAC quickmap image. Solid black
arrow at lower left indicates illumination direction.
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Figure
12.
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m114328462rc . B) Marius Hills Hole
“skylight” . Solid black arrows indicate
illumination direction.
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Figure 13. Photogeologic map of Tranquilitatis.
Basemap is LRO WAC quickmap image. Solid black
indicates illumination direction.
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Figure 14. (A) Detailed photogeologic map of the Tranquilitatis location. (B) LROC frame
m126710873rc used as the
basemap for (A). Solid arrow
indicates illumination direction.
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Figure 16. DLRE surface brightness temperature maps for the lava
tube candidate “C” location obtained during (A) local nighttime and
(B) local daytime.
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Figure 17. Temperature
difference map for the
lava tube candidate “C”
location calculated from
the day and night
surface brightness temperatures in Figure 13.
Dashed black box indicates location of lava
tube candidate “C” .
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Figure 18. (A) Full frame ATI map for
lava tube candidate “C”. Numbers 1-9
indicate locations of uncollapsed lava
tube segments. (B) Enlarged image of
ATI high over uncollapsed portion of
lava tube candidate “C”, between
uncollapsed segments 5 and 7. Darker
shades of red indicate lower ATI.
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Figure 19. Representative LOLA topographic profile along
lava tube candidate “C” Figure 18. Profile demonstrates a
cylindrical topographic high consistant with lava tube formation by overflow (see figure 1)
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Figure 20. DLRE surface brightness temperature maps for the Ingenii
Hole location obtained during (A) local nighttime and (B) local daytime.
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Figure 21. Temperature
difference map for the
Ingenii Hole location
calculated from the day
and
night
surface
brightness
temperatures in Figure 20. Blue
star indicates the location of Ingenii Hole.
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Figure 22. (A) Full frame ATI map of
Ingenii Hole. (B, C) Enlarged images of
ATI high. (C) Interpetattion of the
extent of the inferred Ingenii lava tube
based on the ATI map in (B). Darker
shades of red indicate lower ATI. Solid
black line denotes location of
topographci profile 8, (Figure 23).
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Figure 23. Representative LOLA topographic profile along
the trend of the Ingenii Hole ATI high Figure 22. Profile
demonstrates the cylindrical topographic high along the
Ingenii Hole ATI high indicative of lava tube formation by
overflow as seen in Figure 1.
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Figure 24. DLRE surface brightness temperature maps for the Marius
Hills Hole location obtained during (A) local nighttime and (B) local
daytime.
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Figure 25. Temperature
difference map for the
Marius Hills Hole location calculated from the
day and night surface
brightness
temperatures in Figure 24. Blue
star indicates the location of Marius Hills Hole.
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Figure 26. (A) Full frame ATI map of
Marius Hills Hole. (B) Enlarged image
of ATI high. The light-colored polygon is the interpreted extent of the
subsurface cavity that produces the
ATI high. Darker shades of red indicate lower ATI. Solid black line indiactes location of topographic profile
(Figure 27).
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Figure 27. Representative LOLA topographic profile along the Marius
Hills rille (Figure 26). Profile demonstrates a concave trough along the
Marius Hills rille which is consistent with a collapsed portion of a lava
tube .
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Figure 28. DLRE surface brightness temperature maps for the Tranquilitatis location obtained during (A) local nighttime and (B) local
daytime.
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Figure 29. Temperature
difference map for the
Tranquilitatis location
calculated from the day
and
night
surface
brightness
temperatures in Figure 28. Blue
star indicates the location of the Tranquilitatis
Hole.
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APPENDIX A: Finite Element Model Code
TITLE 'Surface thermal perturbation caused by a lava tube
and periodic heating and cooling of the surface, including
heat production and periodic flux at surface; jmh031512'

VARIABLES
Phi (threshold=0.1) { the temperature in K }
{Phi { the temperature in K }}
DEFINITIONS
dayyear = 365.25 {days in a year}
secday = 86400 {seconds in a day}
daylength = (30*secday) {length of lunar day in s}
minkm = 1000 {meters in a kilometer}
k = 2.1

{default conductivity in W m-1 K-1; generic

value for moon; norite basement}
C = 670 {default heat capacity in J kg-1 K-1; generic
value for moon; norite basement}
den = 2990 {default density in kg m-3; average for
moon; norite basement}
H = 7.38e-10 {default heat production in W kg-1; for
the Moon, from Turcotte and Schubert book times two orders
of magntitue}
emiss = 0.72 {value for basalt graybody}
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sigma = 5.6697e-8 {Stephan-Boltzmann constant in W m-2
K-4}

D = 50 {depth to top of tube in m; estimate from
observations}
R = 200 {tube radius in m; estimate from observations}
maxregthick = 20 {maximum regolith thickness in m}
intregthick = 2 {regolith thickness at top of tube}
minregthick = 1 {minimum regolith thickness in m}
marethick = 500 {thickness of mare in m; from New
Views book}
avetemp = 250 {average surface temperature in K;
from?}
geotherm = (12/minkm) {geothermal gradient in K m-1;
from?}
modelextent = 2000 {half-width of domain in meters}
modeldepth = 500 {depth of domain in meters}
simlength = 1000 {in years}
timeincrement = 100 {plotting increment in years}
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solarconstant = 1366 {W m-2}
EQUATIONS
Div(k*Grad(phi)) - den*C*dt(Phi) + den*H = 0
INITIAL VALUES
Phi=avetemp+(geotherm*y)
BOUNDARIES
REGION 1 'box' { the bounding box of lunar crust}
START(-1*modelextent,-1*modeldepth)
{bottom temperature based on geotherm }
VALUE(Phi)=avetemp+(geotherm*modeldepth) LINE
TO(modelextent,-1*modeldepth)
{{normal derivative =0 on bottom: }
NATURAL(Phi)=0 LINE TO(modelextent,1*modeldepth)}
{normal derivative =0 on right side: }
NATURAL(Phi)=0 LINE TO (modelextent,0)
{{ periodic forcing on top: }

67

{periodic flux condition on top - Turcotte and
Schubert eq 4-238: }
NATURAL(Phi)= (((solarconstant/2) +
((solarconstant/2)*cos(((2*pi)/daylength)*t))))(emiss*sigma*(Phi^4)) LINE TO (-1*modelextent,0)
{normal derivative =0 on left side: }
NATURAL(Phi)=0 LINE TO CLOSE
{NATURAL(Phi)=0 LINE TO FINISH}
REGION 2 'mare basalt' {mare basalt; thermal parameters
from various sources}
k =

1.75 {conductivity in W m-1 K-1}

C = 840 {heat capacity in J kg-1 K-1}
den = 2980 {density in kg m-3}
H = 7.38e-12 {heat production in W kg-1}
START(-1*modelextent,-1*marethick)
LINE TO(modelextent, -1*marethick)
LINE TO (modelextent, 0)
LINE TO (-1*modelextent,0)
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LINE TO CLOSE
{LINE TO FINISH}
REGION 3 'regolith' {lunar regolith; thermal parameters
from Rumpf et al., 2008 LPSC abstract}
k =

0.011 {conductivity in W m-1 K-1}

C = 760 {heat capacity in J kg-1 K-1}
den = 1660 {density in kg m-3}
H = 7.38e-12 {heat production in W kg-1}
START(-1*modelextent,-1*maxregthick)
LINE TO(-R,-1*intregthick)
LINE TO(0, -1*minregthick)
LINE TO(R,-1*intregthick)
LINE TO(modelextent, -1*maxregthick)
LINE TO (modelextent, 0)
LINE TO (-1*modelextent,0)
LINE TO CLOSE
{LINE TO FINISH}
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REGION

4 'tube' { tube in cross-section }
{k = 1e-6

{conductivity in W m-1 K-1}

C = 1e6 {heat capacity in J kg-1 K-1}
den = 0 {density in kg m-3}
H = 0 {heat production in W kg-1}}
INACTIVE(Phi)
START 'ring' (R,(-1*(D+R)))
NATURAL(Phi)= -emiss*sigma*(phi^4)
{NATURAL(Phi)=0}
ARC(CENTER=0,(-1*(D+R))) ANGLE=360

TO CLOSE

{TO FINISH}

{TIME 0 BY ((simlength*dayyear*secday)/1e7) TO
(simlength*dayyear*secday)

{in sec}}

TIME 0 TO (simlength*dayyear*secday)
MONITORS
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{in sec}

FOR T = 0 BY (timeincrement*dayyear*secday) TO
(simlength*dayyear*secday)
CONTOUR(Phi)
ELEVATION(Phi) FROM (-1*modelextent, 0) to
(modelextent, 0)
HISTORY(Phi) AT (-R/2,0)
HISTORY(Phi) AT (0,-D)
PLOTS
FOR T = 0 BY (timeincrement*dayyear*secday) TO
(simlength*dayyear*secday)
CONTOUR(Phi)
VECTOR(-k*grad(Phi))
{ELEVATION(Phi) FROM (-1*modelextent,0) to
(modelextent,0)}
HISTORIES
HISTORY(Phi) AT (-R/2,0)
HISTORY(Phi) AT ((modelextent/2),0) ((modelextent/2),D)
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HISTORY(Phi) AT ((0.75*modelextent),0)
((0.75*modelextent),-D)
HISTORY(Phi) AT (-R/2,0) ((modelextent/2),0)
((0.75*modelextent),0)
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APPENDIX B: Floating Point Conversion Script
%for opening a n x n unsigned integer 8 bit envi file
fid = fopen('DEM_1024_45S_30S_150_180_Subset.IMG' , 'r' ,
'l') ;
m = 4043;
n = 3070 ;
myimage = fread( fid , [ n , m ] , 'uint16' ) ;
fclose( fid ) ;
myimage = myimage' ;
%plot image
figure( 1 )

% Makes a new figure window.

hold off

% Allows the figure to be

overwritten.
imagesc( myimage )

% Plots the image.

colormap( pink )

% Sets the colormap.

axis image

% Formats the axes.

title( ' My Image

' )

% Sets the title.

xlabel( ' column ' )

% Labels the x axis

ylabel( ' row ' )

% Labels the y axis

hold on

% Prevents the figure from being

overwritten.
myimagefloat = single( myimage ) ;
figure( 2 )

% Makes a new figure window.

hold off

% Allows the figure to be

overwritten.
imagesc( myimagefloat ) % Plots the image.
colormap( pink )

% Sets the colormap.

axis image

% Formats the axes.

title( ' My Image

' )

% Sets the title.
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xlabel( ' column ' )

% Labels the x axis

ylabel( ' row ' )

% Labels the y axis

hold on
%save image to envi compatible format
myimagefloat = myimagefloat' ;
fid =
fopen('lola_dem_subset_georef_floatmatlab_INGENII_FINAL.img
' , 'wb');
fwrite( fid , myimagefloat , 'single' ) ;
fclose( fid )
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APPENDIX C: Lava Tube Candidate “C” Topographic Profiles
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Figure AC.1 ATI map of lava tube
candidate “C” (see Figure 18A)
showing the topographic profiles (lines numbered 1-3)
extracted from the LOLA DEM
(Figure 18 and Figure AC.2). All
profiles created from west to
east.
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Figure AC.2. (1-3) Topographic profiles over lava tube candidate “C”.
For profile location see Figure AC.1. All profiles were made from west to east.
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APPENDIX D: Ingenii Hole Topographic Profiles
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Figure AD.1. ATI map of Ingenii
Hole (see Figure 22 B) showing
the topographic profiles (lines
numbered 1-21) extracted from
the LOLA DEM (Figure 22 and
Figures AD.2). Darker shades of
red indicate lower ATI.
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APPENDIX E: Marius Hills Hole Topographic Profiles
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Figure AE.1. ATI map of Marius
Hills Hole (see Figure 26 A) showing the topographic profiles
(lines numbered 1-5) extracted
from the LOLA DEM (Figure 26
and Figure AE.2).
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Figure AE.2 (1-5) Topographic profiles over the
Marius Hills Hole. For the location of the
profiles see Figure AE.1. All profiles were
created from east to west.
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